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PCT/US03/19290 



1 . With regard to the elements of the international application-* 
the international application as originally filed, 
the descripdon: 

pages NONE as originally filed 

pages NONE , filed with the demand 

pages 1:21 , filed with the letter of 20 May 2004 Q0.05.20Q4> 



the claims 

pages NONE ^ as originally filed 

pages NONE , as amended (together with any statement) under Article 19 

pages NONE , filed with flie demand 



P^S^s . filed with the l^ter of 20 May 2004 (20.05>2004> 

the drawings: 

pages 1 y as originally filed 
pages NONE , filed widi the demand 

pages NONE , filed with the letter of 

the sequence listing part of the description: 

pages NONE ^ as originally filed 

pages NONE , filed with the demand 

pages NONE , filed widi the letter of 

ullia^^ to the tanguage, aU the elements marked above were available or furnished to this Authority in the 
tonguage m which the international appUcation was filed, unless otherwise indicated under Ibis item 
These elements were avadable or flimished to this Authority in the foUowmg language which is: 

□ the language of a translation furnished for the purposes of international search (under Rute23.1(b)). 
LJ die language of publication of the mtemational plication (under Rule 48.3(b)). 

□ *e language of the translaUon iumished for the purposes of hitemational preliminary «camuiation(under Roles 

JD.Z and/or 55.3), 

iS!!I.frin ^ an>tao acid sequence disclosed in the international appUcation. the 

international prelunmary examination was carried out pn the basis of the sequence listing- 

□ contained in the international application in printed form. 

□ 

filed together with the international application in computer readable fonn. 
I — I furnished subsequenfly to diis Authority in written form 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence Usting does not go beyond the disclosure in die 
mtemational application as filed has been furnished. 

^ ^b^i^^^^ infonnation recorded in computer readable form is identical to the written sequence listmg 
The amendments have resulted in the cancellation ot 

the description, pages NONE 
die claims, Nos. NONE 
„ the drawings, sheets/fig NONE 

beyond the disclosure as filed, as indicated in the Supplemental Box (Rule 70.2(c)) ** 

Lf'^nnZ^^^^^ ''^^^'^^^ ''^ ^^P^^^ tominvitaHonunderAnide Mare referred to in 

this report as originally filed" and are not annexed to this report since they do not contain anwmime,^S^0J6^^^^ 

''''^y replacement sheet contauiing such amendrnems mm be ri^e^^^ , 
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SX''^^ appUcabUiOr under PCT Article 33(4) beca,«e fte subject matter claimed can be made or in 

aatasl-32 m^ the criteria of PCT Articles 33(2-3) because an adsorbent for carbon dioxide which comprises an alkali mebd 

n^;>T!^«"^"'*?'T'*l'*°!*"*^^^^^ which has beenhea.edtoateiipS.^^^;Sfro^^ 

to 45a>C to provide an adsorbent havmg an adsorption capacity of at least 0.8 mUlimoles of caibon SelSed B^m 
adsoitent. is not taught or feirly suggested by the prior art references of record per gram of 
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ADSORBENTS, METHODS OF PREPARATION, AND 
METHODS OF USE THEREOF 

CROSS-JREFBRENCe TO RELATED APPUCATlON 
This appHcation claims priotily to copending US. Pwvisional Application entitled, 
"Improved High Tcanperature CO2 Absorbent", filed with the United States Patent and 
Trademaifc Office on June 19* 2002, and assigned Serial No. 6(V390,050. and, U.S. 
Provisional Application entitled, 'Temperature Swing Piocess ftw Selectively Removing 
Carbon Dioxide from a process stream", filed with the United States Patent and -Twdemai-k 
Office on Februaiy 24* 2003, and assigned Serial No- 60/449,689 both of which are 
' entirely Incotporated herein by reference. 

TECHNICAL PIELD 
The present invention is generaUy related to separation techniques and, more 
particularly, is related to adsorbents and precursors thereof, used in separation techniques. 

BACKGROUND OF THE INVENTION 
The sorption of pollutants on adsorbents is receiving increased attention both 
from the view of removal and recovery of pollutants from gas ttjlxtures, especially the 
pollutants produced through combustion processes. The generation and dischai^ of 
) carbon dioxide into the atmosphere due to the consumption of large quantities of fossil 

fuels has emerged as a significant pollution problem for the environment. Thus, studies 
are in progress increasingly to address this issue. 

Moreover, the removal of carbon dioxide is also irriportant in several gas 
purification operations, such as. the production of hydrogen gas, landfill and natural gas 
treatment, and in the purification of hydrocarbons. Various separation techniques are 
applicable for the removal of carbon dioxide, such as, adsorption, absorption, and 
membrane separation. 

Processes based on the selective adsorption of a gas mixture generally involve 
contacting the gas mixture with tiic selective adsorbent in an adsorption zone. The 
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adsorption zone is maintained at adsotptlon conditions (/.©., temperatuK! and/or piessute) 
favorable to selectively adsorbing a compon^t pf the gas tnixtute and producing an 
adsorption effluent, which has a reduced concentration of thfe adsorbed compon^t 
relative to the gas mixture. Subsequently, the adsotbable component is tiieti desotbed by 
changing the conditions in the adsorption zone to induce desoiption. Alternatively, the 
selective adsorbent can be moved from the adsorption zone to a desotption zone having 
conditions favorable for desoiption. Vnd&r desotption conditions tfie adsorbable 
component is purged from the selective adsorbent Following the desoiption step, the 
adsorption zone is purged to remove the adsorbed component. 

In general, there are three types of adsotption/desotption plooesses, and these 
include pressure swing adsorption, themial (or temperatute) swing adsoiptton, and 
combinations thereof. 

In pressure swing adsorption (PSA) processes the gas mfacture is fed to at least one 
of a plurality of adsorption zones having an adsorbent at a reduced pressure effective to 
adsorb at least one component of the gas mixture. After a defined time, the feedstream to 
the gas mixture is terminated and the adsorption zone is depiessurized. Alternatively, the 
adsorbent can be moved into a desoiption zone. In either pase. the pressure is elevated to 
a defined level, which permits the separated adsorbed component to be drawn off. 

In thermal swing adsotption (TSA) processes, .tfte gas mixture is fed to at least one 
ofa plurality of adsoiption zones having an adsorbent at a reduced temperature effective 
to adsorb at least one component of the gas mixture. After a defined time, the feedstream 
to the adsorbent is terminated and the temperature in the adsoiption zone is increased. 
Alternatively, the adsorbent is moved to a desorption zone. In either case, die 
temperature is increased to a defined level, which permits the adsorbed component to be 
drawn off. In a typical TSA process, two or more adsotption zones and two or more 
desotption zones are operated in an alternating manner to provide continuous treatment. 

Various classes of adsorbents are known to be suitable for use in PSA and TSA 
systems, the selection of which is dependent upon the gas mixture components and other 
factors generally known to those skilled in the art. In general, auitable adsorbwQts include 



»»N«Ni»i«MW.no»/siia,«aKeoidswM 

ItCHft Docket No. 0«2002-2690 

molectOar sieves, siUca gel, Y-type zeoUte, X-fypezeolitev activated carfjon. and activated 
alumina. 

A key aspect in separating CO2 is the identific^on of a suitable adsorlient. 
Alihough several types of adsotbents may be etttployed for the adscnptiott of OO2, 
important fectofs fbr an efficient process include choosing an adsotbent that has sttong 
affinity for CO2 and also has an appropriate sorption capacity as well as desotption 
capability. Thus, a heretofore unaddressed need exists in the industry for alternative 
adsorbents that arc cfqjable of adsorbing and desorbing CO2. 

SUMMARY OF THE INVENTION 

Embodiments of the present inv^on provide for adsotbents and methods of use 
thereof. One representative embodiment, among others, includes an adsotbait having an 
alkali metal promoted, mixed trivaJeot layered double hydtoxide (LDH) compositicm. 
When the mixed trivalent layered doubje hydroxide (LDH) composition is heated to a 
temperature ranging from about 300'C to 450<»C, an adsorbent having an adsorption 
capacity of at least 0-8 milKmoles of CO2 adsorbed per gram of adsotbent is fbimed. 

hi another representative embodiment, the alkali metal pn>moted, mixed trival«ait 
metal LDH composition has the ibliowuig geaeal formula: 

tMl|-x(M2yM3(,-yj)x(OH)2(A);^ • 2 H2O] - v [M4wC03] 
wherein the subscript "x" is a number between 0 and 1; the subsciipt "y" is a number 
ranging from greater than 0 to about 0.05; "2" is a number tinging ftom 0 to about 8; the 
subscript "w" is the integer 1 or 2, wherein when ' V" is the integer 1 the CO3 becomes 
HCO3; 'V is a number ranging jfrom 0 lo about 0.01; "Ml" is a divalent metal selected 
from magnesium (Mg), calcium (Ca), strontium (Sr), manganese (Mto), iron (Fe), cobalt 
(Co), nickel (Ni), copper (Cu), and zinc (Zn); "M2" and "M3" are each a trivalent metal 
selected from aluminum (Al), chromium (Cr), Mn, Fe, Co, lanthanum (La), cerium (Ce), 
galium (Oa), indium (In), the lanthanide series of metals, and mixtures thereof, "A" is an 
anion selected from CO3, SO4, and HPO4; and "M4" is an alkali metal selected fiom 
sodium (Na), potassium (K), rubidium (Rb), cesium (Cs), and lithium (Li), 
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Anothw embodiment of the preset ifitvemtion juovides fbr methods of separating 
carbon dioAi'dc from a gas mixture. An «t«tt^laty metltod includes: pioviding at least 
one adsojption 2c»je comfndlsing an alkali m^ promoted, ttlvalent metal layered double 
hydroxide (LOH) adsotbent having an adsorption c^adty of at least 0.8 millimoles of 
CX)2 adsorbed per gram of LDH adsorbent; passing the gas mixttute oott^irising water 
vapor and carbon dioxide tfatough tfie at least one adsorption zone wherein the alkali 
metal promoted, mixed triveaent metal LDH adsorbent adsorbs at least part of the carbon 
dioxide from the mixture to provide a carbon dioxide^leted gas; and regenerating the 
alkali metal promoted trivalent metal LDH adsorbcsnt to provide a carbon dioxlde-tich 
gas. 

In still anottjer embodiment, the metfiod of sqiarating carbon dioxide ftxmi a gas 
mixture of water vapor and carbon dioxide using an adsorption proc^ includes the stqps 
of: passing the gas mixture comprising water vapor through at least one adsorption aone 
comprising an alkali metal promoted, nuxed trivalent metal layered double hydroxide 
(LDH) adsotbent vi^erein the adsorption zone b«ng at a first temperature and a first 
pressure, and wherein the alkali metal promoted, mixed trivalent metal LDH adsorbent 
adsorbs at least part of the catbon dioxide from ttte gas mixture, s^atating a portion of 
the carbon dioxide from (iie gas mixture to fonm a carbon dioxide-depleted gas; and 
regenerating the all»H metal promoted, mixed trivalent metal LDH adsorbent, wherein 
tlie adsorption zone being at a second temperature and a second pressure. The 
temperature and pressure can be changed independently of one another. 

In still another embodiment, the method of sepamting carijon dioxide from a gas 
mixture comprising carbon dioxide and water vapor using an adsorption process includes 
the steps of: contacting the gas mixture comprising watM- v^or witibl alkali metal 
promoted, mixed trivalent metal layered double hydroxide (LDH) adsotbent havhig an 
adsorption capacity of at least 0,8 millimoles of CO2 adsorbed per gram of LDH 
adsorbent; and separating a portion of the cari>on dioxide from tibe gas mbttute. 

Other systems, methods, features, and advantages of the present invention will be 
or become ^parent to one with skill in the art upon (lamination of the following 
drawings and detailed descripUon. It is intended that all such additional systems. 
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methods, features, and advantage be included within these descrvtions, be within the 
8oopo of tho present invention, and bo protected by the aooompanying claims. 

DETAILED DESCRIFIIQN 
Adsorijents, methods of preparation thereof, and methods of use th^eof, ate 
disclosed. The adsoH^ents are capable of adsotbing/desorbing catbon dioxide (CO2) fiom 
gas mixtures. In particular, the adsotbents have superior adsofption/desoiption 
chaiacterlstics when compared to other adsoifoents. Further, the adsotbents have superior 
cycling stability when compared to othw adsorbente. 

In addition, layered double hydroxide (LDH) compositions, methods of 
pmparatton thereof, and mediods of use thereol^ ate disclosed. In general, the LDH 
compositions include, but at« not Ihnited to. alkali metal piomotad, mixed trivalent metal 
LDH compositions. Under appropriate condiHons (e.^., a temperature ranging ftom 
SOCC to 450*C and a pressure of 1 atmosphere), the LDH con^dtions can be iwetsibly 
converted into the adsorbent d^cribed above. 

Another embodiment of the present tovcntton provides for methods of using the 
LDH adsorbents in cycling adsorption processes such as, but not limited to, themxal 
(temperature) swing adsorption processes. pt«s8ure swing adsotption piocesses, and 
combinations thereof. Iii particular, adsotbents stc well suited for the adsoxption of CO2 
and water vapor in thetmal swing piocesses. For example, the adsorbents demonstrate 



•39Wd 



5 

ATSa^AUSH-IMaCDkSlJKL: QI 



':£e^MOQIIZISltf(IA3»tO£l839Vd 
TKMR iTockst No. 062002-2690 



exceptional adsotption/desoiption chawctetistics, which will be discussed in man detail 
below and in Example 1. 



T.r>>^ <^"«" Posi[tions 

Embodiments of the LDH oompositions include alkali metal ptomoted, mixed 
trivalent metal LDH compositions. In pattiimlar, the alkali metal promoted, mixed 
trivalent metal LDH compositions include compositions having the foUowing genetal 



formula: 



[Ml ,.x{M2,M3(,.y,);^(OH)2(A)^ • z H2O] • v m^COi] 
wherein the subscript 'V is a number between 0 and 1 ; the subscript *y is a number 
ranging fh,m greater than 0 to about 0.05, ptefbrably fiom greater &an 0 to about 0.0375; 
"z" is a number ranging irom 0 to about 8, preferably fiom 0 to about 4; the subscript ^•w" 
is the integer 1 or 2, wherein when "w" is the integer 1 the CO3 becomes HCO3; ♦ V is a 
number ranging ftom 0 to about 0.01, preferably from 0 to 0.0025; "Ml" is a divalent 
metal such as, but not limited to, magnesium (Mg). calcium (Ca). sttontium (Sr), 
majiganese (Mn), iron (Fe). cobalt (Co), nickel (Ni), copper (Cu), and zinc (Ztt);'«M2" 
and "M3" are each a trivalent metal such as, but not limited to, aluminum (Al), 
chromium (Cr). Mn, Fe, Co, lanthanum (La), cerium (Ce), galium (Ga), mdimn'(hi), the 
lanthanide series of metals, and mixmres thereof; "A" is an anion such as, but not Umited 
to, CO,, SO4, and MPO4; and is an alkali metal such as, but not limited to. sodium 
(Na), potassium (K), robidium (Rb), cesium (Cs). and lithium (Li), In an «xempla,y 
embodiment, 'TVIl- is Mg; "M2" is Al. Oa, or U; "M3» is a trivalent metal such as Ga. 
La, In, or the lanthanide series of metals; at least one of "M2" and ••MS" is Al; "M4" is K. 

The alkali metal promoted, mixed trivalent metal LDH compositton when healed 
to at least one temperature ranging from about 300'C to less than 450°C a* a pressura of 
one atmosphere forms a mixed trivalent metal LDH adsorbent. The alkali metal 
promoted, mixed trivalent metal LDH adsorbent has an adsorption capacity of at least 
about 0.8 adsorbed per gram of adsorbent when measured by a thermal gravimetric 
apparatus using a "dry" gas stream containing CO2 (about 0.7 atmosphere partial 
pressure) and an inert gas. In addition, the alkali metal promoted, mteed trivalent metal 
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LDH adsotbeot has a desotption rate, indicated by a firet order rate coaslatit, of about 
0.05 to 0.24 per minute when msasoKed by a tfaetniAl gmvimetrio appatatus using a dty 
inert gas stream to puige the sample. Further, the alka» metal promoted, mixed trivaient 
metal LDH adsorbent has a worldng capacity of greater than about 0.05 milKmoles CXh 
per gram of mixed trivalent metal adsoibent Furthetmoixs, surfkce area lif adsoAent i^ 
about 30-50 m^/g when measured by Nj adsorption in a traditional BET sur&ce at^ 
analyzer. Lastly, the alkali metal promoted, mixed trivalent metal LDH 
composition/adsorbent can be tegeneratcd from one cycle to another hi cycling adsotption 
processes and, thus tbe alkali metal promoted, mixed trivalent metal LDH adsorbent is 
cyclically stable. 

"Working capacity" means the reversible CQ, edacity that is observed when CO2 
is present in a "moist" gas stream when the alkali metal promoted, mixed trivalent metal 
LDH composition/adsorbent is cycled between the adsotption conditions (e.g„ at a 
temperature of about 200*C and at a pr^ure of about 45 psia) and the desoiption 
coDditioiis {e.g., at a temperature of about 450°C and at a pressure of about 45 psia). 

"Cyclic stability" can be defined in terms ofhow the •♦woridng capacity^' changes 
with cycles. An alkali metal promoted, mixed trivalent metal LDH 
composition/adsorbem is deemed as stable if successive measurements or'wwrfciug 
capacity" change by less than a certain tolerance (e.g., the tolerance is set at 6%). 

In particular, the alkali metal promoted trivalent metal LDH compositions include 
gallium-containing mixed trivalent metal compositions havhig the formula: 
[Mg,Al20-<„Ga2„(OH),5CO3-4H2O] • whei^ln the subscript «p" can range from 

greater than 0 to about 0.02 or preferably from greater than 0 to about 0.01 ; and the 
subscript "o" can the range from greater than 0 to about 0.3 or preferably ftom about 0.01 
to 0. 1 5. The gallium-containing mixed trivalent metal composition fonns a gallium- 
containing mixed trivalent metal adsorbent when heated to at least one tempemhue 
tanging from about 300°C to less than 450«'C at a ptessw^ of one atmosphejw. 

The gallium-containing mixed trivalent metal adsorbent has an adsotption 
capacity of at least about 0.8, at least about 1.1, at least about 1.3. between about 1 and 
1 .5, and preferably from between about 1 . 1 and 1 .3 millimoles of CO2 adsorbed per gtam 
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of adsoAent when measuted a ^etmaJ gmvimeWc apparatus using a «dfy" gas stream 
containing CO2 (about 0.7 atmosphere partial pressure) and an inert gas. 

Further, the gaMlum-contahjtagtnlxed trivalent metal adsorbent has a desoiption 
rate, indicated by a fifst otder rate constant, of about 0.12 to 0.24 perininiitB, and 
preferably, about 0. 14 to 0.22 per minute when measured by a thetmal gravimetric 
apparatus using a dty inert gas stream to putge ttie ^mple. 

The gaUium-contaitting mixed trivalent metal adsorbent has a wotking capacity of 
at least 0.05 milHmoles pa- gram, preferably at least 0.1 miUimoles per gtam, mote 
preferably at least 0.2 miUimoles per gram, and most preferably at least 0.5 i^llimoles 
per gtam of CO2 per gram of gallium-containing mixed trivalent metal adsotbcnt. 

Another embodiment of the alkaU metal p«>n»oted mixed trivalent metal LDH 
compositions includes, but is not Ihnited to, lanthanum-contaming mixed trivalent 
compositions having the formula [Mg^2(H,U2,(OM),6CO,.4JbbO] • i^KaCOa) wherein 
the subscript -iT can range ftom greater than 0 to about 0.02 or preferably ftom greater 
thai, 0 to about 0-01 and the subscript "q" cangh^range ftom greater than 0 to about 0.1 >/ 
ot preferably &om about 0.001 to 0.05. The lanthanumrcontaining mixed trivalent 
composition forms a lanthanum-contatnmg mixed trivalent metal adsorbent when heated 
to at least one temperature ranging ftom about 300«>C to less than 450"C at a ptessttte of 
one atmosphere. 

The lanthanum-containing mixed trivalent metal adsorbent has an adsoiption 
capacity of at least about 0.8, at least about 1 .1, at least about 1.5, between about 1 and 
1 .5, and between about 1 and 1 .3 milHrnoles of CO2 adsorbed per gtam of adsori,ent 
when measured by a thermal gravimetric apparatus using a "dty" gas stream containing 
COz (about 0.7 atmosphere partial pressure) and an inert gas. 

The lanthanum-containing mixed trivalent metal adsori^ent has a desoiirtiott rate, 
indicated by a first order rate constant, of about 0,05 to 0.07 per ndnute, and preferably 
about 0.06 to 0.07 per minute when measured by a thermal gtavhnetric apparatus using a 
dry inert gas stream to putge the sample. 

The lanthanum-containing mixed trivalent metal adsorbent has a working capacity 
of at least 0.05 mUlimoles per gram. preferAly at least 0-1 millimoles pet gtatn. mole 
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preferably at least 0.2 miilimoles per gram, and most preferably at least 0.5 milliffloles 
per gram of CQz per gtatn of laatfaanum-containiflg mixed ttivaiettt metal adsotbeut 

Methods of Preoai-mtf 1.n}f Comporirip*.^ 

The exemplary alkaU metal promoted, mixed trivalem metal JUDH composWoiis 
discussed above can be synthesized by mixing divalent and trivaleot metal-coiitaiiiing 
chloride, carbonate, or nitrate compound with a trivalent-containing chloride, carbonate, 
or nitrate compounds in a solution of aqueous alkali metal carbonate such as, but not 
limited to, sodium carbonate. The solution is mixed and maintained at a pH of dbottt lO 
by adding a base such as, but not Umited to, sodium hydroxide to the mixture. If the 
starting compounds ars chlorides, the resulting precipitate, (the mixed, trfvalent metal 
LDH composition) is rinsed of chloride ions using distilled and/or decarbonated water 
under appropriate conditions. The mixed trivalent metal LDH con^osition is tiim dried, 
crushed, and stored uttdssr appropriate conditions. The mixed trivalent metal LDH 
composition can be a LDH chloride compound, a LDH carbonate compound, or a LDH 
nitrate compound. In an exemplary embodiment, the mixed trival^it metal LDH 
composition is a LDM carbonate compound. 

Subsequently, the mixed trivalent raetal LDH composition is promoted with an 
alkali-metal cart>otiate such as, but not limited to, potassium carbonate. The trivalent 
metal LDH composition is added to a solution of water to which an amount of the aikali- 
metal carbonate is added. In general, about 1 mole of potassium caxboaate is added per 2 
moles of trivalent cations in the mixed trivalent metal LDH composition. For example, 
the K::M^* ratio ofthe starting materials can be 1:1. The alkaU metal promoted, mixed ' 
trivalent metal LDH composition is separated from the solution dried, crushed, and stored 
under appropriate conditions. 

The concentrations and quantities of the materials, used in the synthesis of the 
alkali metal promoted, mixed trivalent metal LDH composition depend hi pari upon the 
alkali metal promoted, mixed trivalent metal LDH composition formed, as defined above. 
In general, the stoichiometric ratio of the metal chlorides, carbonates, or nitrates used in 
the synthesis of the alkali metal promoted, mixed trivalent metal LDH composition, was 
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held at M^^:M^^ of 3:1. Fot example, when referring to the instwce of 10% substitution 
of Ga for Alj the ratio of MgtAl:Ga of the synthesis materials is 3:0-9:0.1. However* one 
skilled in the art would be able to determine the concentration$ and quantities of the 
materials^ and the stoichiometric ratios needed to synthesis the alkali metal promoted, 
mixed trivalent metal LDH composition described above. 

Methods of Usinp LDH Compositions and the corresponding Adsorbents 

Embodiments of the present invention also include methods of separating one or 
more ga$es from a gas tnixtute using a cyclic adsorption process. In general, the cyclic 
adsorption process can be cmied out in one of the following cyclic adsorption process 
configurations: a pressure swing adsorption apparatus, temperature swing adsorption 
apparatus, or a pressure swing/temperature swing adsotption apparatus^ all of which are 
Icnown in the art In general, each type, of cyclic adsorption apparatus includes m 
adsorption zone and a desorption 2one, although in some itistances both zones are in the 
same physical area and the conditions within the physical area are altered^ as is discussed 
m more detdl below. 

In general, the adsorption ^one can include adsorption units such as, but not 
limited to, adsotption beds or a rotating kiln unit The adsotption beds and tiie rotating 
kitn include at least one type of LDH compositions and the corresponding adsorbmts 
(hereufiafter **LDH composition/adsorbent'*) as described above, which are enable of 
adsorbing one or more gases from the gas mixture. 

The adsorption beds can be configured as fluidized-beds* moving-beds, or fixed- 
beds, tn the fluidized-beds configuration, the LDH composition/adsorbent is contacted 
counter-currently with the gas stream on perforated trays in relatively shallow adsorption 
beds. The gas uniformly distributes over ttie bottom cross section of the adsotbent bed. 
Due to momentum transfer, the bed expands and the solid particles move freely and 
circulate through the adsoiption zone into tJie desoiption zone. 

in the moving-b«3ds configuration, both the LDH composition/adsorbent (in an 
adsorption bed) and the gas mixture move through the adsorption zone in a continuous 
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manner. Then the LDH composiUon/adsoibent is moved from the adsorption stone into 
the desorptioti :£one. 

In the fixed-beds configurations, the bed is fixed in a certain area of the cyclic 
adsorption apparatus and contains the LDH composition/adsorbent. The gas mixture 
passes through the fixed-bed while under adsorption sone conditions. After a period of 
time when the LDH composition/adsoibent adsorbs a portion of tibie gas mixture, the 
conditions are changed in the area that includes the fixed-bed to desorption zone 
conditions to desorb the adsorbed gases. In this regard, many cyclic adsorption ^aratus 
configurations include two or more fixed-beds in separate regions of the apparatus, so 
that while one fixed-bed is under adsorption conditions^ the other fixed-bed is under 
desorption conditions. Therefore, the gas stream can be operated in a continuous manner. 

An embodunent of a representative temperature swing method includes passing 
the gas mixture stream tiirough at least one adsotption zone of the cyclic adsorption 
process diat contains the LDH composition. Prior to being exposed to the gas mixture, 
the LDH composition is calcined at a temperature of about SSO^'C to 450°C an an inert 
gas. The gas mixture can include a plurality of gases such as, but not limited to, CO2, 
water vapor, hydrocarbons, carbon monoxide, hydrogen (H2), nibogen oxygen 
(02). TtAe hydrocatbons can include mixtures of light hydrocarbons such as, but are not 
limited to, naphtha, methane, ethane, and ethene, or combinations thereof. 

Exposure of the gas mixture fbr an appropriate time period at an appropilate 
temperature and pressure causes the adsotbetit to be reversibly converted into the 
corresponding LDH composition. The time period can range Atom 0.25 to 18 hours, 0.25 
to 1 hour, or 0.2 to 0.5 hours. In addition, the time period that ^e adsorbent is exposed to 
the gas mixtuie depends vqpon, but is not limited to, the operating conditions of the cyclic 
adsorption process, the gas mixture, the concentmtion of CQ2 iti the gas mixture, and the 
concentration of water vapor in the gas mixture. One sldlled tn the art can determine the 
most appropriate time period for a particular set of conditions. It should be noted that 
saturation of the adsorbent is not necessaiy and one skilled in the art could design the 
cyclic adsotption process to effectively use the adsorbent. 
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Subsequently, the LDH composition is heated to a temperature (e.^., SOO^'C to less 
thax) ^SO'^C) to desorb a substantial portion of the CO2 and water vapor. The LDH 
composition be heated Using a heated gas stream {e.g.y water vapor mi/or a heated 
inert gas) and/or heating the adsorption zone with heaters. After the CO2 and water vapor 
are desorbed from tiie LDH composition^ die water vapor can be separated Atom the CO2 
to fonn a concmtrated CO2 gas stream. In addition, the LDH composition can be 
calcined to reform the adsorbent, so that it can be used again in the cychc process. 

The adsorption cycle can include steps other than ^e basic steps described above. 
For example^ pressure swing adsorption cycles can include one or more bed equalization 
steps, a nonadsorbed product backftU st^, a countercurrent nonadsorbed product purge 
step, and/or a concurrent desorbed product gas purge step at or below the desired 
adsotptton pressure. The concutrait purge ^erally precedes the evacuation step, and is 
generally carried out before depressuri:dng the adsorption vessel, although it could be 
carried out djRor any concurrent depressurization steps {Ag.^ equaiiscatian steps), 
Countercurrent purge is generally carried out during or after count^urrent evacuation of 
the adsotption vessel. The sequential order and duration of the various steps are not 
critical, and these may be varied, as desired. Similarly* the LDM composHion may be 
purged with nonadsorbed gas during the adsorbent t^gen^ation step of thermal owing 
adsotption cycles. 

As described above^ the cyclic adsotption processes can be carried out in a system 
having a single adsorption zone or a batteiy of adsorption zones operated in phase, or a 
plurality of adsorption zones or batteries of adsorption zones operated out of phase. 
When a process having a single adsorption ^one or a battery of zones, all of which are 
operated in phase, the adsotption step must be periodically stopped to petwit r^^eration 
of the LDH composition. In contrast, when a plurality of adsorption zones are employed 
in parallel and operated out of phase, one or more adsorption zones can be in adsorption 
service adsorbing the desired gas component, while one or more other zones are 
undergoing regeneration to desorb and collect the adsorbed gas coinponent. In the 
preferred adsorption process, cycles are repeatedly carried out in a maimer such that 
production of the desired product gas is substantially continuous. 
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In general for TS A processes, the temperature in the adsotptioti zone is lower than 
the temperature in the desorption zone, while the ptesstire is substantially coiistaiit For 
PSA processes the pressure in the adsorption 2one is greater ihm the pressure of &e 
desorption zone^ while the temperature is substantially constant. 

The temperature of the adsorption zone for cyclic adsorption processes depends 
upon a number of factors, such as, but not Ihnited to^ the particular hydrocarbons present 
in the gas mixture being separated, tiie particular adsorbent being tised, and the pressure 
at which the adsofption step is carried out. The upper and lower l^peratures at which 
the adsorption zone is maintained is, in part^ determined by both economics and the 
chemical reactivity of the components in tibie gas mixture. Ih particular, the temperature at 
which the adsorption zone is maintained should be below the temperature at which the 
gas mixture components undergo chemical reaction ie.g., hydrocarbons undergoing 
oligomerization and poiym6r^^ation). In general, the temperature in the adsorption zone 
is in the range of about 0°C and25(yc, preferably in the range of about lOO^C to 200''C, 
and most preferably in the range of about 1 WC to 16(rc, when CO2 is being separated 
Srom hydrocarbons such as, but not limited to, alkanes, alkenes, or mixtures of these. 
However, one skilled in the art would be able to adjust the t^perature, as well as other 
parameters- in the cyclic adsorption process, to ensure efficient and effective adsorption of . 
CO?. 

For TSA processes, adsorbent regeneration is carried out at a temperature higher 
than the adsorption temperature and below the temperature at which undesired reactions ' 
of the components of the gas mixture take place. For TSA process^, the adsorbent 
regenemtion temperature is typically in the range of about lOO^C to less than about 

and is prefembly in the range of about 3S(yc to about 40CPC- The pressuires at 
which the adsorption and adsorbent regeneration steps are carried out are not critical fbr 
TSA processes, and in general, these steps can foe carried out at any of the usual pressures 
employed for cyclic adsoiption processes. 

For FSA processes, the pressure maintained in the adsorption zone is typically in 
the range of about 760 (1 atmosphere (atm)) to about 15x760 torr (15 aim), and prefersd>ly 
in the range of about 5x760 to about 10x760 torr. The pressure maintained in the 
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desotplioti 2one is typic^Uy cattied out at pressures in the range of about 15 to about 760 
lotr and preferably canried out at pressures in the range of about 50 to about 200 torr . 

It will be appreciated that it is witibitt the scope of the present ilQivetition to utilize 
conventional equipment to perfonn the various flincttons of the cyclic processes^ $uch as 
but not limited to, monitormg and automatically regulating the flow of gases within the 
cyclic adsorption system so tistat it can be fully automated to run continuously in an 
efficient manner. 



]5]^QmpHe X 

The following is a non-limiting illustrative example of an embodim^t of (he 
present invention. This example is not intended to limit the scope of any embodiment of 
the present invention, but rather is Intended to provide specific experimental conditions 
and results. Therefore, one skilled in the art would understand that many experimental 
conditions can be modifted, but it is int^ded that these modifications are within the 
scope of the embodiments of the present invention. 

Three exemplary adsorbents were prepared as follows: Example 1 having the 
formula tMg6Al2(iK.)Ga2o(OH)i6COj*4H20] • ptKiCOa), Example 2 having tiie formula 
(Mg6Al2(j^>La2tt(OH)i<5C03-4H20] * t(K2C03)» and Comparative Example 1 which ia a 
potassium promoted Mg6Al2(OH)i6C03*4H20 Cp^repat^ at by the inventors). The 
samples were prepared in a m^Mxcr consistent with the methodology described above. 

In particular for Example 1, the stoichiometric ratio of the metal chlorides used in 
the synthesis of the layered double hydroxide^ was held at M^*:M^* of 3;1 - For example^ 
when referring to the instance of 10% substitution of gallium for aluminum, the ratio of 
Mg:Al:Ga of the synthesis mat^als is 3:0.9:0.1 . Substitution of gallium for aluminum 
spanning the range up to 100% substitution wm performed analogous to (he protocol 
described in Comparative Example 1 below, with Uie exception of replacement of gallium 
for a percentage of the aluminum in the starting materials. That is* a fraction, o of 50 ml 
of K20 M aluminum(in) chloride hexahydrate and another fraction, (l-'V) of 50 mL of 
1 .2 M gallium(lU) chloride hydrate and fifty ml of 0.40 M magnesiumCBB) chloride 
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hexahydrate were combined and added dropwise to 150 ml of 0.13 M aqueous sodium 
carbonate tnairttained At 60**C undet vigorous stimng. 

The pH of the solution was maintained at 1 0.0 by periodically adding aliquots of a 
1.0 M sodium hydroxide mixture. After 2.0 hours of aging at 60^C under vigorous 
stirring, the mixture was heated to SO^^C and mixed for 24 hourg. The resulting white 
precipitate was filtered and rinsed using copious distilled water in order to remove excess 
chloride ion. The supernatant was tested for chloride ion txsing a 0. 1 M stiver nitrate 
solution, tn all cas^, the supernatant tested positive jS^r chloride Ion. In order to further 
exchange chloride anion fbr carbonate anion, the coUected precipitate was tefluxed ibr 
2.0 hours in 500 ml of 0.02 molar sodltun oaibonate solution. The precipitate was then 
^) . filtered and rinsed ttsing copious distilled water The supernatant was tested fi>r chloride 

ion using the silver nitrate test. If the supernatant tested positive for chloride ion, the 
' reflux was.repeated. The precipitate was filtered, rinsed thoroughly, and the supernatant 
tested for cjiiorido ion. The LDH was dried at lOO^'C in an oven for 24 hours, crushed, 
and stored in glass vials. 

' In order to promote the various LDHs with potassium c^omtte, ^proximately 
1 .0 gr^ of LDH was added to 50 ml of water. Potassium carbonate was added in the 
amount of 1 mole of potassium carbonate per 2 mole of tdvalent IX>H catiotis. Thus, tlie 
K:M^* ratio of the^starting materials was 1:1. The solution was stirred for two hours, and 
the water was removed using a Rotovap, keeping the bath temperature at 70^C under a 
slight vacuum* The potassium carbonate pmmoted LDH was then removed firom the 
flask, dried, crushed, and stored in glass vials. 

For Example 2, the stoichiometric ratio of the metal chlorides used in the 
syntiiesis of the layered double hydroxide, was held at M^^rM^* of 3: 1 . For example, 
when referring to the instance of 10% substitution of landianum for alumlntmi, the ratio 
of Mg:Al:La of the synthesis materials is 3:0.9:0.1. Sufastttuticn of lanthanum for 
aluminum spanning the range up to 100% substitution were performed analogous to the 
protocol described in Comparative Example i below, with the exception of r^lacemem 
of lanthanum for a percentage of the aluminum in tiie starting materials. That is, a 
fraction, q of 50 ml of 1 .20 M aluminum(ni) chloride hexahydrate and another ftaotion. 
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(1-q) of 50 mL of 1.2 M laiithantm](nt) chloride hydrate and fifty ml of 0.40 M 
n)dgne$jutn(ni} chloride hexahydmte urere combmed mi added droptvise to 150 ml of 
0.13 M aqueous sodium carbonate maintained at 60^ under vigorous stirruig. 

The pH of the solution vtbs maintained at 10.0 by periodically adding aliquots of a 
1 ,0 M sodium hydroxide mixture. After 2,0 hours of aging at 60'C under vigorous 
stirring, the mixture was heated to 80"C atid mixed for 24 hours. The resulting white 
precipitate was filtered and rinsed using copiotis distilled water in order to remove excess 
chloride ion. The supernatant was tested fbr chloride ion using a 0.1 M silver nitrate 
solution. In all cases, the supernatant tested positive for chloride ion. In order to flirther 
exchange chloride anion for carbonate anion, the collected precipitate was feflxtxed for 
2.0 hours in 500 ml of 0.02 molar sodium carbonate solution. The precipitate was then 
filtered and rinsed using copious distilled water. The supernatant was tested &x dbtloride 
ion using the silver nitrate test. If the st^ematant tested positive fbr chloride ion» the 
reflux was repeated. The precipitate was filtered, rinsed thoroughly, and the supernatant 
tested for chloride ion. The tJDH was dried at lOV'C in an oven for 24 hours, cmshed, 
and stored in glass vials. 

In order to promote the various LDHs widi potassiimi catbonate, approximately 
\ .0 gki^ of LDH was added to .50 ml of i^ater. Potassium carbonate was added io the 
amount of 1 mole of potassium carbonate per 2 mole of trivalent LDH cations. Thus, the 
K::M^'*' ratio of the starting materials was l;l: The solution was stirred for two hours, and 
the water was removed using a Rotovap, keeping the bfi«h temperature at 70*C undei* a 
slight vacuum. The potassium carbonate promoted LDH was then removed Oom the 
flask, dried, crushed, and stored in glass vials. 

For Comparative Example 1 , fifty ml of 1 .20 M alumintmA(UQ chloride 
hexahydmte and fifty mt of 0.40 M magnesium(IIi) chloride hexahydrate were combined 
and added dropwise to 150 ml of 0.13 M aqueous sodium carbonate maintained at 60^C 
under vigorous stirring. The pH of the solution was maintained at 10.0 by periodically 
adding aliquots of a 1 .0 M sodium hydroxide mixture. After 2.0 hours of aging at 60^C 
tmder vigamus stitttng, the mixture was heated to BO'C and mixed for 24 hours. The 
resulting white precipitate was filtered and ritjsed using copious distilled water in order to 
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«move excess chloride ion. The supematanl was tested for chloride iofl using a 0.1 M 
silver nitmte solution, all cases, the supernatant tested positive &t chloride ion. to 
o«ier to further exchange chloride anion Ibr carbonate anion, the coHected precipitate ivas 
refluxed for 2.0 hours in 500 ml of 0.02 molar sodium cariKinate solution, lie 
precipitate was then filtered and rinsed using copious distilled water. The supernatant 
was tested for chloride ion using the silver nitrate test If the supernatant tested posidve 
for chloride ion, the reflux wa. repeated. ll,e precipitate was filtered, rinsed thoroughly 
snd the supernatant tested for chloride ion. The LDH was dried at I OO^C in an oven for 
24 hours, crushed, and stored in glass vials. 

In order to promote the v«ious LDHs with potassium carbonate, apptoxhnately 
1 .0 gram of LDH was added to 50 ml of water. Potassium carbonate was added in the 
amount of 1 mole of potassium carbonate per 2 mole of trivalent LDH cations. Tlius. the 
K:M ratio ofthe starting materials was 1:1. The solution was stitted for two hours, and 
the water was removed using a Rotovap, keeping the bath temperatuxe at 70»C under a 
slight vacuum. The potassimn carbonate promoted LDH was then removed fhm the 
flask, dried, crushed, and stored in glass vials. 

The exemplary compositions ate converted into their respective adsorbent by 
calcining the LDH composition at a temperature of about 400 'C. The experiments were 
conducted at a temperature of about 4000C and the CO. parUal pressure was 0.7 atm. The 
adson»tion capacities were obtained via using a thcimal gravimetric apparatus Using a 
-<lry' gas stream containing CO. (about 0.7 atmosphere partial pressure) and an mert gas 
and are provided in PIG. 1 . 

FIG. 1 illustrates that the pressure swmg adsotption capacity of the adsorijent 
cotrespondlng to Example 1 is as much a. 1 00% greater than the adsorbent conesponding 
to Comparative Example when o is in the range from 0.025 to 0,05. 

In addition. PIG. 1 illustrates that the pressure swing adson^tion capacity of the 
adsorbent corresponding to Example 2 i^ as much as 100% greater than the adsori,ent 
corresponding to Comparative Example I when q is in the range from 0.01 to 0.025. 

Hie above described adsori>ents corresponding to Examples 1 and 2 are 
advantageous because of their high adsorption capacity and longer life cycle in adson>tio« 
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processes. It should be noted the high adsorption capacity of the adsorbents 
corresponding to Examples 1 and 2 occurs while the surface area of these adsorbents 
decreases. 
Example 2 

The following is a non-limiting illustrative example of an embodiment of the 
present invention. This example is not intended to limit the scope of any embodiment of 
the present invention, but rather is intended to provide specific experimental conditions 
and results. Therefore, one skilled in the art would understand that many experimental 
conditions can be modified, but it is intended that these modifications are within the 
scope of the embodiments of the present invention. 

Four exemplary adsorbents were prepared (in a maxmer consistent with those 
method described herein) and examined: LDH compositions having Mg^Al in a 3/1 mtio, 
(t ) promoted with KaCOs and (2) uiq^romoted; IDH compositions having Mg/AI/Ga in a 
3/0.9/0. 1 ratio, (3) promoted with K2CO3 and (2) tmpromoted; and LDH compositions 
having Mg/Al/Ga in a 3/0.9/0. 1 ratio, (3) promoted and (4) ui^romoted. These samples (0.2 g 
each) wem placed m a fbced bed adsotber operated at a total pressure of 30 psia that was installed 
in aconttoUed furnace. 

. Inert gas (He, 30 STP cm Vmtnute) was passed over this solid and tibience to a COa 
analy^ to ^analyze finr the CQ2 concentration in the efBuent gas. DataofCQ2ConcentFations,as 
a function of time, w^e reconled by a PC stored for fiutfier processing. The tempetaluic of 
tine adsorbent bed was heated from 1 00 to 4S0°C at a linear rate of 2''C/ndlinute, and then 
"•■^ the temperature was held constant for 30 minutes so that the LDH is be fiilly converted to 

the calcined solid* 

Next, the solid was cooled quickly to 200°C and the inlet gas switched to a 
mixture of He/Ar/HzO/CQi = 90/1/6/3 mol% at the same flow rate (30 STP cmVmittUte) fbt a 
period of 24 hours during which the calcined soUd would be partially reconstmcted to flie LDH. 
This mixture produced the following partial pressures when the total pressure is 30 psia: 
H2O = 1 38 Tort, CQ2 ^ 69 Torr. Since the space-time was short under fihe prevailing 
conditions^ the CO2 **btoke through" the adsoibent bed in just a lew minutes, but the e)(posure 
was continued for at least three hours. Additional festitig showed that the CO2 intake was 
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invariant for exposure times greater than 3 houre. The puiposeofthese tests was Id 
determine the reversible CO2 capacity ;md not to desaibe the adsotptjon Idttetics. 

Next, the gas stteatn was switched back to inert He at the same flow »te aad total 
pressure. This solid was heated in a linear tate, 2«Cymi«ute. fiom 200 to 500"C and held at 

this temperature for 30 minutes, this cycle ofadsoiption and desorption was i^peated for up 
to 3 cycles. 

The calcined solids developed by thetmolyals of the LDH aan^les were 
subsequently exposed to amoiststream of He/Ar/CQz at200*Candapicssuteof SOpsiafor 
24 houts- This solid was then heated to 500°C at a linear mte (2»Otein«te) and Ae CX>2 
composition of the evolved gas was recorded as a fhnction of time for the four sattiples. Tbs 
temperature of the sample was also recorded on the same figwte and the samples weto cycled 
through dlher2or3c>cte5 of adsorption foUowed by desMption into inert He Steam 

teacMrtionofCX?2CP„<^=69Toir)&»nthernoist6lream(PH«,=13S Toir) described above at 
the same conditions: 200°C at 30 psia for 24 hours. 

The desoiption of CO2 for the unpromoted samples ocouried at a stngle temperature of 
3S0»C. Fo'-thesamplecontaiMingnoGa(#l),th€amountofCOidesorheddecteasedwift 
number, however, the Ga-containing sample (#2, 1 0 mol% C3a) showed more CO2 desoiption 
lhatdoesnotdecreasewithcyclemmiberaiterthefirstcycle. The K^,romoted samples showed 
two desorption peaks at 340 and 450°C that resulted in large, reversible CO2 sorption capacities. 
The areas under ifae CO2 concentration versus time curves were integrated to obtain the 
«veisibfeCX>zsotptioncapaciaes.asshowninTablel. The sample without Ga (#3) showed a 
decreasing, reversible sorption capacity with cycle number, whereas ike Ga-oontaining 
sample(#4) showed slightly greater CO^ capacity, and this capacity was almost constant with 
cyclenumber,decreasingbyonly4%after3 cycles. The Captaining sample (#4) has a 
cyclic stability since the working capacity changes less than a 6% toJetaace. 
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Table 1: OC^RevBia^leSoiptionCapaoities.underTenve^^ 

millimole s COj Evo1ved/g LDW 



(1) UiU}ramo(ed,NoGa 0.099 0.058 - 

(2) Unpromoted, lO%Ga 0.17 0.16 0.143 

(3) K-PltottK)ted,NoGa 0.57 0.52 - 
(4}K-|Mcanoted, 10%Qa 0.58 0.57 0.55 

The data in tf»e table above were developed from a cotisidetation of the amount of COa 
evolved during the desoiption step. These nsultsshowrihatljhppttjcess to cycle fihe 
adsoibeot is a viable means to tianove catbon dioxide fix>m a process stieam and to 
concentrate It In a separate stream using atempetatujB 8wi»«aAotplio^^ 

The adsrapticm c^ity fin-adsotption^dBSDtptionc>ctBSinanalmo^liBie where watar 
vaporisabopresentinadditiQntoCQzandinertgas. 1116030168316 defined as follows: 

a) Adsorptionr-the solid adsotbent is held at a temperature of 200<'C while the 
gas stream (Pcoa 2.7 psia, Pmo = 1 .35 psia, P,pt.j = 45 psia) fyf at least 1 
hour to eti$ure that the sample has taken Mp att amount of COa/water that is its 
maximum capacity. 

b) Desoiption— the gas stream is switched to an inert gas at a total pressure of 45 

) Psia»«»<J*he temperature ofthesoKd is increased fixmi 200 to 450*^; at a mte 

of lOX /minute. This temperature Is held at 450*C for 1 hour befbre the solid 
is cooled baclc to 200°C to start another adsorption cycle, 
ftshould also be noted that speciSc surfkceatea^asmeasuredt^tfteBET sut&ceaiea 
technique, of the samples having Oaincoqxnated theieia decsease, as shown ift Table 2 below. 
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Tahle2: SurficeAteaofVariousUSffsBeftieaniJ AjferCWcin^ 

SaaJfife BET Surface Area (mVp ^-) 

0%Ga,LDH 85,6 (±0.30) 

0% Ga, Calcined 211 (±0.97) 

5%Ga,LDH 44.0(±0J29) 

5%Ga,CalctoBd 58.7(A0,71) 

10%Ga,UDH 34.2 (±0.37) 

10 %Ga. Calcined 45.8 (±0.71) 

nic tenn LDH means the layered double hydroxide before it was calcined. The temi 
calcined means that the LDH was heated to 450°C In older to convert it into the adsorbent 
solid. All of these smiptes had been also promoted with potassium fiom its carbonate. 
Notice how the specific surface area, as interrogated by the introduction of nitiogeft gas to 
the sample at 77 K for total pressures less than 1 atm, decreased when Ga was 
incorpomted In the sample. 

. It should be emphasized that the above-described embodiments of the ptesent 
invention, particularly, any "preferred" embodiments, are merely possible examples of 
implementations, merely set forth for a clear understanding of the principles of the 
invenUon. Many variations and modifications may be made to the above-described 
embodimBnt(s) of the invention without departing substantially from the spirit and 
principles of the invention. All such modificahons and variations are intended to be 
included herein within the scope of this disclosure and the present invention and 
protected by the following claims. 
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CLAIMS 

Therefore, having thus described the ioventioft, at least the following is claimed: 

1 - An adsoibent coin|7riBing an alkali metal promoted, mixed trivaleitt layeted 

double hydroxide (LDH) composition, wherein the mixed trivalent layeted double 
hydroxide (LDH) composition is heated to a tempetamte tanglMg fiom about 
300°C to 450**C to provide the adsotbettt having an adsoiption capacity of at least 
0-8 nUllitttoles of CO2 adsorbed per gram of adsorbent 

2. The adsorbent of claim 1. wherein the alkali metal is at least one metal selected 
ftom the group consisting of potaanum, sodium, and lithium. 

3. The adsoibrait of claim 1 , wherem flie alkali metal is potassium. 

4. The adsorbent of claim 1 , whetein the alkali metal promoted, mixed trivalent 
metal LDH composition is r^iesented by the ftwmula 

tMg,jAl2n^,Ga2,(OR)i«CCb*4H20]»p(K3CX»3)Jwhereinpi8intherange]&o^ ' 

greater than 0 to djout 6.02, and wherein o is ttt the tange flom greater than 0 to 
about 0.3. ' • • . 
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5. The adsotbetit of claim 1, vrber&n the alkali metal promoted, mixed ttivatont 
metal LDH ocmipo^ition is represented by ihe fomtila 
fMg6Al2(i^)L8^(OH),6COj-4H20] • KKaCXb). whetem r is in the range firom 
greater than 0 to about 0.02, and wherein q is in tihe range from greater than 0 to 
about 0.1, 

6. The adsorbent of claira I , wherein the alfcali metal promoted, mixed trivalent 
metal LDH composition comprises at least one trivalent metal selected from 
gallium, lanthanum, indium, the lanthanide $erie$ of elements, or combinations 
thereof. 

7. The adsorbent of claim 6, wherein flie trival^t metal is gallium. 

8. Tl^e adsorbent of claim 6, wherein the trivalent metal is lanthanum. 



9. The adsorbent of claim 1 , wherein the adsorbent has a desotption rate, indicated 
by a first order rate constant, of about 0.05 to 0.24 per minute, 

10. The adsorbent of claim I , wherein the adsorbent has a working capacity of at least 
0.05 millimoles per gram COz per gram of adsorbent. 
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12. 

13. 
14. 

15. 
16. 
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An adsorbent comprising an alkali metal promoted, mixed trivalent layered 
double hydJtoxlde (LOH) composition, wherein the mixed trivalent layeted double 
bydmxide (LDH) composition i$ heated to a temperature rangiidig ftom about 
300*^0 to 4S0«'C to provide the ad^otbent, and wherein the alkali metal ptomoted» 
mixed trivalent metal LDH composition has <he following general formula: 

[Ml i.^(M2yM3(,-y)),c<OH)2(A),^/a • z H2O] ♦ v [M4^CXh] 
wherein the subscript "'x** is a number between 0 an 1; the subscript is a 
number ranging ftom greater than 0 to about 0,05; V is a number ranging ftom 0 
to about 8; the subscript ^•w" is the integer I or 2, wherein when "w" is the integer 
1 the CO3 becomes HCO3; * V is a numbo: ranging iBtom 0 to about 0.01; •Ml" is 
a divalent metal selected firom magnesium (Mg), calcium (Ca), strontium (Sr), 
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn); 
"M2" and "M3" are each a trivalent metal selected from altiminum (Al), 
chromium (Cr), Mn, Fe, Co* lanthanum (La), cerium (Ce), gallum (Ga), hidium 
(In), the lanthanide series of metals, and mixtures thereof; "A" is an anion selected 
from CO3, SO4, and HPO4; and "M4" is an alkaU metal selected ftom sodium 
(Na), potassium (K), robidium (Rb), cesium (Cs)» and lithium (Li). 

The adsorbent of claim 1 1 , wherein "Ml " is Mg, 

Th^ adsorbent of claim 1 1, wherein "M2" is selected ftom Al, Ga, and La. 
The adsorbent of claim 1 1, wherein is a trivalent metal selected from Ga, 
La, In, and the lanthanide series of metals. 

The adsorbent of claim 1 1 , wherein at least one of *1VI2" and is AL 
The adsorbetjt of claim U, wherein is K. 
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1 7. The adsorbent of claim 1 1, wherein the alkaU metal promoted, mixed trivalent 
layered double hydroxide (LDH) composftioii is represented by tile fimutda: 
tMg6Al2(i^,C}a2o(OH)i«C03*4H20] • pCKaCOi), wherein p is in the range flom 
greater than 0 to abottt 0.02, and wherein o is hi the range ftom greater than 0 to 
about 0.3. 



1 8. The adsorbent of claim 1 1 , wherein the alkali metal promoted, mixed trivalent 
lay«ied double hydroxide (LDH) composition is represented by the fbrmula: 
tMg6Al2<H)Laa,(OH)i6CO3«4H20] • tCKaCOj). wherein r is m the range ftom 
greater than 0 to about 0.02, and wherein q i« in the range ftom greater than 0 to 
about 0.1. 



1 9. The adsorbent of claim 1 1 , wherein the adfiotbent has a working ci^actty of at 
least about 0.05 millimoles COj per gram of adsorbent 

20. The adsorbent of claim 1 1, v^dtierem the adsorbent has a working edacity of at 
least 0.5 milMmoles per gram COz per-gtam of adsorbent.. 

21 . A method of separating carbon dioxide Bccm a gas mixture comprising catbon 
dioxide and water vapor, the method comprising: 

providing at least one adsorption zone comprismg an alkali metal 
promoted, trivalent metal l&y&ced double hydroxide (LDH) adsorbent having an 
adsorption capacity of at least 0.8 millimoles of CQ2 adsorbed per gram of LDH ' 
adsorbent; 

passing the gas mixture comprising water vapor and carbon dioxide 
through the at least one adsorption zone wherein the alkali metal promoted, mbced 
trivalent metal LDH adsorb^t adsorbs at least part of die carbon dioxide ftom the 
mixture to provide a carbon dioxide-depleted gas; and 

regenerating the alkali metal promoted trivalent metal LDH adsorbrat to 
provide a carbon dioxide-rich gas. 
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22. The meihod of claim 21 « wherein tibe passing step is at least one process selected 
ftom presssute swing ^dsotptiqn, temperature swing adsorption, and comtnnations 
thereof. 



23. The method of claim 21, wherein the adsorption s^one cond|)iises at least one 
member selected from a single adsorption bed, a plurality of adsorption beds, a 
rotating kiln adsotption tmit» and combinations th^eo€ 

24. The meihod of claim 2 1 , wherein the gas mixture further comprises at least one 
gas selected from hydrocarbons, carbon monoxide, H2, 02, Nz, and combinations 
thereof. 



25. The method of claim 24, wherein the gas mixture comprises at least one 

hydrocarbon selected from n^htha, metliane. ethane^ ethene, and combinations 
thereof 



26. A method of separating carbon dioxide from a gs^ mixttire u$ing an adsotption 
process comprising: 

passing the gas mixtiu^ comprising water vapor through at least one 
adsorption zone comprismg an alkali metal promoted, mixed trivalent metal 
layered double hydroxide (LDH) adsorbent wherein the adsorption zone being at a 
first temperature and a first pressure, and wherein the alkali metal promoted, 
mixed trivalent metal LDH adsorbent adsorbs at least part of the carbon dioxide 
from the gas mixture; 

separating a portion of the carbon dioxide from the gas mixture to form a 
carbon dioxide-depicted gas; and 

regenerating the alkali metal promoted, mixed trivalent metal LDH 
adsorbent, wherein the adsorption zone being at a second temperature and a 
second pressure. 
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J, ^ ®5 J* y Cm 7 ^ 

'ffprtis 20 mm 



27. The method of cbdtn 26, wherein tibe adsoiption process is a cyclic adsoirption 
process^ 

28. tlie method of claim 26, wherein the cyclic adsorption process is selected ftom a 
pressure swing ddsoiption process, a tmiperature swing adsorption process^ and 
combinations thereof. 



29. The method of claim 26» wherein tibie first temperature is less than the second 
temperature. 

30. The method of claim 26, wherein the first pressure is greater than the second 
pressure. 



31 . .A method of separatmg carbon dioxide ftom a gas mixture using an adsorpttoiex 

process conqirising: 

contacting the gas mixture comprising water vapor with alkali metal 
promoted, mixed trivaleht metal layered double hydroxide (LDH) adsorbent 
. having an adsorption capacity of at least 0-8 mlllimoles of CO2 adsorbed per gram 
of LX>H adsorbent; and 

separating a portion of the carbon dioxide from the gas mixture. 

32. The method of claim 3 1 ♦ further comprismg: 

regenerating ttic alkali metal promoted, mixed trivalent metal LDR 
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